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of protracted ischemia upon nerve transmission, 14 and studies have demonstrated that the delay in nerve transmission variation from the onset of ischemia may exceed 20 min. 15 Furthermore, because evoked potential changes can also be influenced by hypothermia, limb ischemia, and anesthetic management, 16 the management decisions in response to these alerts are difficult. A device that could be used in a complimentary manner with evoked potentials could eliminate these problems.
We have developed a near-infrared optical device that can accurately monitor and immediately detect the occurrence of spinal cord ischemia. 17 The device is based on the principles of diffuse correlation spectroscopy (DCS) and diffuse optical spectroscopy (DOS), which have previously been used successfully in research to measure cerebral hemodynamics, in cancer diagnostics, and in muscle perfusion studies. 18, 19 The technique uses near-infrared light to probe deep tissues (up to a few centimeters), has a high temporal resolution (approximately 2 to 3 s), is noninvasive, and is portable. 20 We previously published a proof-ofconcept article reporting the general ability of the DCS/ DOS device in detecting spinal cord blood flow and oxygenation. In this article, we extend that work to examine the sensitivity, accuracy, and precision of the first-generation device, focusing upon its application to the detection of changes in spinal cord hemodynamics associated with aortic occlusion, as might be encountered during thoracic aortic surgery. We also examine the temporal resolution of the device in comparison with MEPs.
Materials and Methods
Experiments were conducted in accordance with the Institutional Animal Care and Use Committee (Stony Brook, New York) guidelines.
Animal Model
A total of 16 adult Dorset sheep, approximately 2 yr of age and weighing 60 to 70 kg, were used. The sheep and human spines are close in bony dimensions, such as spinal canal depth and width, especially in the thoracic and lumbar spines. 21 Due to the expense of our experiments, and the "proof-ofconcept" phase at which it currently lies, we have conducted multiple experiments in many of our sheep when scientifically appropriate. Table 1 represents the interventions that were performed in each sheep.
Surgical and Anesthesia Procedures
Animals were pretreated with glycopyrrolate (0.02 mg/kg, IM). Anesthesia was induced with ketamine 10 to 20 mg/kg IM, animals were intubated, and anesthesia was maintained with isoflurane (1.5 to 3.0%).
Femoral and carotid arterial and intravenous cannulae were placed after anesthetic induction for the measurement of mean arterial pressure (MAP) and microsphere sampling, respectively. MAPs were monitored through blood pressure transducers connected to a PowerLab device (ADInstruments Inc., USA). A left thoracotomy was performed through the T5 to T6 interspaces to allow for placement of a left atrial catheter for microsphere injections and to allow for exposure to the aorta for clamping. Aortic clamping was achieved via placement of a cross-clamp across the aorta after thoracotomy, or via inflation of an intraaortic balloon placed in the left femoral artery, and was advanced to a level immediately below the common cephalic trunk.
The fiber-optic probe was placed via laminotomy (N = 5) or via percutaneous (N = 11) approaches into the epidural space. Because the potential clinical placement of the probe would be after a laminectomy or laminotomy for spine surgery and percutaneously for aortic surgery, we tested the 
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capability of the device to accurately measure the spinal cord hemodynamics through both probe placement techniques. A posterior laminotomy was created to allow for open placement of the fiber-optic probe. After adequate general anesthesia was established, the sheep was positioned prone. A midline incision was made, and a subperiosteal dissection was performed to expose the spinous processes, lamina, and medial facets. A Leksell rongeur was then used to remove the intraspinous ligaments as well as the spinous processes themselves. A thin-footed Kerrison was used to carefully remove the lamina creating a trough that was sequentially widened until the dura of the spinal cord was well seen. The probe was placed using loupe magnification and was advanced superiorly or inferiorly under intact laminae to lie within the epidural space.
Percutaneous placement of the probe was achieved via 17-gauge Tuohy needle introduced in an L2 to L4 lumbar interspace, with the epidural space identified by loss of resistance to air or saline. The probe was then advanced to the desired level under fluoroscopic guidance (see video, Supplemental Digital Content 1, http://links.lww.com/ ALN/B218, which shows the percutaneous placement of the fiber-optic probe and its advancement to the desired vertebral level under fluoroscopic guidance). Ventilatory rate and volume, systemic oxyhemoglobin saturation (pulse oximetry), electrocardiogram, end-tidal carbon dioxide, and MAP were continuously monitored.
Diffuse Optical Methods
The optical instrumentation uses both DCS and DOS. DOS is the widely used diffuse optical technique applied in both pulse and cerebral oximetry. 19, 22 The wavelength-dependent differential absorption of near-infrared light can be quantitatively related to the concentrations of tissue chromophores such as oxyhemoglobin and deoxyhemoglobin in the microvasculature. 23 Diffuse correlation spectroscopy is a novel optical technique used to measure blood flow in deep tissues by quantifying the temporal intensity fluctuations of the detected light. 19, 20 These fluctuations arise mainly from moving light scatterers in tissue (e.g., erythrocytes). In practice, the fluctuations are quantified by the decay rate of the temporal intensity autocorrelation function of the detected light; specifically, the decay rate of DCS autocorrelation function depends on the "average" flux of erythrocytes in the vasculature. Changes in spinal cord blood flow were estimated from the experimental DCS data by fitting the measured intensity autocorrelation function g 1 (τ) to the solution of the photon correlation diffusion equation in the semi-infinite geometry ( fig. 1) . 24 The Brownian motion model was used to approximate the mean-square particle displacement of the erythrocytes in tissue and thus to derive the spinal cord blood flow index (BFI). Relative changes in blood flow (ΔBF) were calculated using ΔBF = BFI(t)/BFI(t0) − 1, where t0 represents the baseline period. 
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Diffuse Optical Device
The device is composed of the fiber-optic probe and the monitor. The Probe. For tissue monitors working in the reflection geometry, it has been empirically known that the mean optical penetration depth into tissue is roughly one half to one third of the source-detector (S-D) separation on the tissue surface. 25 Thus, the S-D separation plays an important role in determining the depth of tissue penetrated by the laser light, with greater S-D separation leading to greater optical penetration. For our experiments, we used a fiber-optic probe that has the look and feel of an epidural catheter. This probe was configured with a single source at its tip and detectors deployed at 1 and 2 cm behind the source, with corresponding penetration depths of approximately 0.4 to 1 cm ( fig. 2 ). This thin, highly flexible probe can be placed either percutaneously through a 17-gauge Tuohy needle or through an open placement approach after a laminotomy. The Monitor. The monitor, which collects data on blood flow (DCS) and oxygenation (DOS), is composed of two modules as described previously. 17 In brief, the DCS module uses a long-coherent, continuous-wave 785-nm laser (CrystaLaser Inc., USA) as a light source. The DOS module uses one source fiber switched between three amplitude modulated (70 MHz) laser diodes in the near infrared range (686, 785, and 830 nm). The DCS and DOS modules are integrated through a data acquisition board (National Instruments, USA).
Data Acquisition and Analysis
Diffuse correlation spectroscopy/DOS data were collected using LabView software code (National Instruments). Femoral and carotid MAPs were continuously recorded using a PowerLab device using LabChart software (ADInstruments) and a separate computer. The arterial monitoring and DCS/ DOS data were correlated and analyzed offline using homemade MATLAB scripts (MathWorks, USA).
Sensitivity
In this study, we define sensitivity as the ability to detect acute changes in spinal cord blood flow and oxygenation associated with pharmacologic, physiologic, and proximal aortic occlusion.
We first characterized the sensitivity of the DCS/DOS device to detect changes in spinal cord blood flow and oxygenation associated with (1) acute hypertension induced via boluses of phenylephrine (400 μg) in 14 sheep, (2) acute hypotension induced via boluses of nitroprusside (400 μg) in 
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10 sheep, and (3) systemic hypoxia and hypercarbia, created via respiratory arrest until the systemic hemoglobin saturation reached ≈ 80% as measured by pulse oximeter in 3 sheep.
Next, the sensitivity of the DCS/DOS device in detecting changes in spinal cord blood flow and oxygenation associated with aortic occlusion was characterized. In eight sheep, spinal cord ischemia was elicited through occlusion of the aorta either by inflation of an intraaortic balloon (Cook Medical, USA) or by clamping the aorta after thoracotomy. Aortic occlusion was confirmed fluoroscopically via direct visual inspection through the open chest and via loss of femoral arterial pressure; aortic occlusion was maintained for 5 min.
Accuracy
The accuracy of the device was tested via comparison of DCS with microsphere spinal cord blood flow measurements. Nonradioactive stable isotope-labeled microspheres of 15-μm diameter were injected into the left atrium (10 ml, 2 × 10 6 microspheres per milliliter; STERIspheres, USA). Reference blood samples were withdrawn from the distal aorta via the femoral artery catheter at a rate of 600 ml/h over 3 min using a syringe pump (Harvard Apparatus, USA). Multiple measurements (n = 20) during interventions (nitroprusside: 400 μg bolus, phenylephrine: 400 μg bolus, aortic clamping) were performed through the use of multicolor microspheres in seven sheep. After euthanasia, the spinal cord was resected, labeled, and weighed. Spinal cord tissue blocks and blood samples were then prepared for subsequent analysis of microsphere concentrations and blood flow. We compared the percent change in blood flow from baseline detected by microspheres, with the percent change in BFI measured with DCS from baseline.
Spatial Accuracy
To rule out the possibility that the probe is measuring flow in tissue other than that of the spinal cord, we introduced a Fogarty balloon into the epidural space adjacent to the probe detectors in three sheep. The balloon was then inflated to compress the cord directly adjacent to the probe while flow was recorded. In addition, we placed the probe into the lumbar paraspinous muscles of the sheep and measured flow during aortic cross-clamping at the T4 and T8 levels.
Precision
The precision of the DCS flow measurement was assessed via analysis of the spinal cord blood flow measured at steady state over 4 h in four sheep. The DCS monitor measures one datapoint every 8 s. Here, we compared the repeatability of measurements taken every 10 min. Within-sheep coefficient of variation and repeatability were calculated as described previously using a root-mean-square approach. 26 In brief, we calculated the square of the coefficient of variation for each sheep separately, found its mean, and took the square root of this mean. We also report the estimated repeatability coefficient, calculated as 1.96 × √2 × within-sheep SD. The repeatability coefficient could be interpreted as the upper limit of the absolute difference between two measurements on a subject to differ with 95% probability when the differences are approximately normally distributed.
Axial Resolution
In this study, we tested, in a single sheep, the hypothesis that spinal cord blood flow and oxygenation diminishes with increasing distance from the site of proximal aortic occlusion and from the sites of collateral blood flow originating from sources above the level of the occlusion. We thus attempted to demonstrate that the device could axially resolve differences in changes in blood flow and oxygenation during ischemia due to differences in vascular anatomy. Aortic occlusion was again achieved via inflation of an intraaortic balloon just below the common cephalic trunk and was maintained for 5 min. During sequential aortic occlusions, spinal cord blood flow and oxygenation were recorded with the probe placed at the vertebral levels T4, T7, T11, and L2. Before probe repositioning and repeated measurements, aortic occlusion was released and MAP allowed to recover to baseline. Corresponding microsphere measurements of spinal cord blood flow at baseline and after aortic occlusion at each level were conducted as described (see Accuracy under the section Materials and Methods).
Comparison with MEP Monitoring
Motor-evoked potential monitoring required transcranial stimulation of the motor cortex by electrical stimuli involving three to seven pulses of 100 to 400 V that produced a response that traveled down the corticospinal tracts and that generated a measurable muscle response, the compound muscle action potential. The disposable subdermal needle electrodes were placed according to the international 10 to 20 system. 27 The motor stimulus electrodes were placed a few centimeters behind the Cz plane at C3' to C4'. The motor recording electrodes were placed in the semimembranosus or gastrocnemius muscles in the lower extremities and in the flexor carpi ulnaris for upper limb MEP recording. The anesthetic agent was ketamine 200 mg/h via infusion during these experiments.
The most commonly used criteria for alerting to a clinically relevant event during MEP monitoring is either a 100 or 80% loss of signal. 28 Therefore, the time for DCS to detect a 50% drop in blood flow from baseline was compared with the time for MEP signals to drop by 80% from baseline upon performing an aortic clamping in three sheep. The time for the DCS and evoked potential signal to recover back to baseline after unclamping was also compared.
Statistical Analysis
The changes due to the various pharmacological and mechanical interventions were calculated from the highest or lowest blood flow and oxygenation value in the time course during the intervention period. For each intervention, mean change and SD were calculated by averaging over all trials and animals. Nonparametric Wilcoxon signed-rank tests were used to assess whether there PERIOPERATIVE MEDICINE was a statistically significant difference between the observed blood flow/oxygenation changes from those at baseline.
Spinal cord blood flow measured by the DCS and microsphere techniques was compared by correlating the simultaneous point measurements across all animals and trials. The degree of correlation was measured by the Pearson correlation coefficient. The ratios of DCS changes to microsphere changes from baseline were obtained from the slope of the curve. All data analyses were performed with MATLAB (MathWorks Inc.), and statistical analysis was performed with JMP software (SAS Institute, USA). A paired t test was used to determine whether the correlation between the blood flow changes detected by microspheres and DCS was statistically significant. Nonparametric Wilcoxon signed-rank test was used to determine whether the time taken by DCS and evoked potentials to drop/recover upon aortic clamping/ unclamping was statistically different. Data were analyzed using JMP statistical software (SAS Institute). Table 2 summarizes the blood flow and oxygenation changes observed with each type of intervention.
Results
Sensitivity
One hundred percent changes in blood flow and oxygenation were detected upon administering pharmacological interventions designed to elicit acute hypertension (65 of 65 trials) and hypotension (48 of 48 trials) or upon creating hypoxia/hypercarbia (4 of 4 trials) and aortic occlusion (32 of 32 trials).
Acute hypertension, elicited via 400-μg boluses of phenylephrine or vasopressin, resulted in an expected transient increase in spinal cord blood flow (+48 ± 21%, n = 65 interventions) and oxyhemoglobin concentration (+4 ± 2%, n = 13 interventions). A representative example of increase in blood flow in one trial is shown in figure 3A . Hypotension, elicited via bolus of nitroprusside (400 μg), resulted in the expected decrease in blood flow (−48 ± 11%, n = 48 interventions) and oxyhemoglobin (−6 ± 1%, n = 9 interventions). A brief hyperemic response followed in all cases ( fig. 3B shows an example). Spinal cord blood flow and oxygenation changes measured by DCS and DOS closely paralleled the changes in femoral and carotid MAPs. Hypoxia and hypercarbia, elicited via respiratory arrest, resulted in an increase in blood flow (+84 ± 22%, n = 4 interventions), as shown in a representative example in figure 3C , and decrease in oxygenation (−9 ± 6%, n = 4 interventions).
During aortic occlusion, confirmed by hypotension recorded in the femoral artery and hypertension recorded in the carotid artery, spinal cord blood flow ( fig. 4A) and  oxygenation (fig. 4B ) decreased immediately in response to occlusion by −65 ± 32% (n = 32) and −17 ± 13% (n = 11), respectively. Aortic unclamping resulted in a hyperemic flow and oxygenation response. Wilcoxon signed-rank test showed statistically significant difference in BFI from baseline for the 32 trials (P < 0.0001). Aortic occlusion yielded similar results when the probe was placed via laminectomy (N = 6) or percutaneous (N = 4) approaches.
Accuracy
Diffuse correlation spectroscopy and microspheres were used to measure blood flow changes immediately after performing the following interventions: 400-μg phenylephrine bolus (n = 6), 400-μg nitroprusside bolus (n = 4), and aortic occlusion (n = 10). Peak or nadir changes in blood flow during continuous monitoring of DCS correlated reasonably well with the changes measured with microspheres after a single injection during the intervention (R 2 = 0.49, P < 0.01; fig. 5 ).
Spatial Accuracy
Upon epidural balloon inflation, there was an immediate drop in spinal cord blood flow (−75 ± 14%, n = 3) and oxygenation (−10 ± 6%, n = 3), which recovered as soon as the balloon was released (an example is shown in fig. 6 ). With the probe placed in the paraspinous muscle, 500-μg phenylephrine boluses (n = 5) and aortic clamping (n = 2) resulted in no significant changes in flow detected by the optical device. This further confirms that the optical device measures only spinal cord blood flow and not blood flow from surrounding muscle or vessels is contributing to the measurements.
Precision
The DCS BFI values were averaged every 10 min during 4 uninterrupted hours of monitoring, in four sheep, to test the repeatability of the device. The mean ± SD, between-sheep and within-sheep coefficients of variation, and group repeatability coefficient are reported in table 3. 
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Axial Resolution
The device detected a greater diminution in spinal cord blood flow during aortic occlusion with increasing distance from the proximal aortic occlusion site, as we hypothesized.
Spinal cord blood flow decreased by 62% (T4 level), 65% (T7 level), 89% (T11 level), and 90% (L2 level), whereas oxygenation decreased by 18% (T4 level), 23% (T7 level), 40% (T11 level), and 40% (L2 level), as shown in figure 7 .
Comparison with MEP Monitoring
Upon proximal aortic clamping in three sheep, it took an average of 2 min for the blood flow detected by DCS to drop by 50% from baseline. The mean time taken for an 80% drop in amplitude of evoked potential signal was 16 min, an example of which is shown in figure 8 . After the clamp was released, the DCS signal returned back to baseline in 1 min, whereas it took approximately 18 min for evoked potentials to return back to baseline. Nonparametric Wilcoxon signed-rank tests showed statistically significant difference between the time taken for DCS and evoked potential signals to drop upon clamping (P = 0.03) and recover upon unclamping (P = 0.03).
Discussion
The fiber-optic probe and monitoring device reliably detected spinal cord responses to pharmacologic and 
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physiologic interventions; the detected responses were in line with published data. 29 Boluses of hypertensive agents created brief periods of hypertension, which were accompanied by brief increases in spinal cord blood flow and oxygenation. Boluses of nitroprusside produced brief periods of hypotension and corresponding decrement in spinal cord blood flow and oxygenation. Breath holding, resulting in hypoxia and hypercarbia, induced a gradual increase in flow and decrement in oxygenation. Clamping the aorta resulted in a rapid decrement in blood flow and a slower decrement in tissue oxygenation. Unclamping the aorta resulted in a hyperemic overshoot from baseline. The responses to all interventions were robust, immediate, and reproducible. In all cases, changes in flow are more immediately responsive than changes in oxygenation. With hypotension, changes in blood pressure and blood flow always preceded slower changes in oxygenation. With hypertension, oxyhemoglobin saturation, already near maximal, should not be expected to but marginally increase. With respiratory arrest, hypercarbia precedes the occurrence of hypoxia, eliciting a gradual increase in flow and much slower decrease in oxygenation.
The shorter S-D separations are biased to interrogating and measuring flow in the posterior circulation closest to the probe, whereas the longer separations would be biased toward interrogating and measuring flow in the more distant anterior circulation. In this study, we have averaged the flow and oxygenation measured by both detectors. Working out the ability of the probe to spatially resolve flow and oxygenation in the anterior and posterior circulations is a long-term goal of this research.
Although thoracic aortic clamping can be expected to result in diminished flow not only to the spinal cord, but also to the aorta and paraspinous muscles, epidural balloon inflation onto the spinal cord creates a localized decrease in blood flow only in the spinal cord, leaving flow in surrounding muscles and vessels intact. As inflation of the balloon over the probe resulted in a near-complete and instantaneous loss of blood flow, we can therefore conclude that the probe was not measuring flow in the aorta, paraspinous muscles, or other source. Furthermore, it has been established that while paraspinous muscles (and all muscle for that matter) have a rich vascular supply, 30 baseline muscle blood flow under rest conditions is almost too low to measure by any clinically applicable technique. 31 Thus, the lack of detection of significant blood flow changes by the optical device upon phenylephrine boluses and aortic clamping when the probe was positioned in the paraspinous muscle can be attributed to this extremely low blood flow and further documents that the paraspinous muscles are not the source of changes in blood flow detected by our device.
The accuracy of the blood flow changes measured by the optical probe was difficult to determine due to the fact that no true "accepted standard" exists for the measurement of spinal cord blood flow. The microsphere measurements and DCS measurements of spinal cord blood flow have some differences that make a direct comparison between the two methods difficult. DCS has high temporal resolution (milliseconds) and offers continuous measurements, but the units of the DCS BFI are not the same as absolute flow units. On the contrary, microsphere measurements require minutes to complete but offer quantitative measurements Fig. 7 . This figure depicts the percent change in blood flow (black bars) and oxygenation (white bars) detected at the T4, T7, T11, and L2 to L3 vertebral levels, respectively. Clamping the proximal descending thoracic aorta cuts off blood supply from intercostal arteries, making the spinal cord flow heavily dependent on flow from vertebral arteries above the occlusion site. One would then expect a greater decrease in blood flow and oxygenation the farther one moves away from the occlusion site and vertebral artery sources. Flow and oxygenation measurements made sequentially from T4 to L3 during proximal aortic occlusion documented this pattern. PERIOPERATIVE MEDICINE of flow (in absolute units). Thus, it is not possible to exactly match the DCS peak or nadir measurement with the microsphere measurement as observed in our data.
Microsphere measurements in the spinal cord can be challenging for other reasons. The entire spinal cord, in a 50-kg sheep, weighs between 20 to 25 g. Spinal cord blood flow is reported to be in the range of 20 to 40 ml per 100 g/min.
In a 50-kg sheep, with a 4-l/min cardiac output, the cord receives approximately 10 ml/min or 0.25% of the total cardiac output. The fraction of microspheres injected reaching the cord is then 0.25%, and the sampled volume of spinal cord analyzed is approximately 2 to 5 g. Thus, microsphere measurements are themselves challenged by a number of factors severely limiting their own accuracy. An alternative method for comparison might be laser Doppler flowmetry (LDF). LDF has high temporal resolution; however, unfortunately, its depth of penetration is limited to less than 0.5 mm. An LDF probe, placed upon the posterior cord, for example, would provide very little information about flow in the anterior spinal cord, the area of greatest interest. The DCS/DOS device offers not only high temporal resolution but can also interrogate the entire depth of the spinal cord. Thus, although there was a reasonably good correlation between the DCS and microsphere measurements, the differences in the techniques may explain the lack of an excellent correlation curve. A point of reference with which to interpret our precision estimates made with DCS can be found via comparison with those made with the accepted standard for brain blood flow, positron emission tomography. Precision assessments are typically made under steady-state conditions, such as have been reported for positron emission tomography in brain. 32 Carroll et al., in a group of 10 subjects, and comparing three measurements within 45 min in each subject, conducted on days 1 and 3 reported an intersubject reproducibility coefficient of ± 24% for gray matter and ± 34% for white matter in brain.
In humans, it is well documented that the proximal to midthoracic anterior spinal cord receives a significant contribution from the vertebral arteries. 33 More distal aspects of the thoracic and lumbar spinal cord are dependent on blood supply directly from the descending thoracic and abdominal aorta. Multiple reports establish the unpredictable and diffuse nature of the blood supply to the spinal cord. 34, 35 This unpredictable blood supply demands a monitoring technique that is not discretely focused upon a single level. The second-generation probes that we have designed will allow Fig. 8 . In three sheep, the time taken by diffuse correlation spectroscopy (DCS) to detect a 50% decrease in blood flow from baseline was compared with the time taken by motor-evoked potential (MEP) monitoring to detect an 80% decrease in its signal upon aortic clamping. As shown in this representative example, DCS took 3 min to detect a 50% decrease in blood flow from baseline, whereas it took 17 min to detect an 80% loss of amplitude in MEP signal. Although DCS detected blood flow recovery immediately (1 min), it took the MEP signal 18 min to return back to baseline after the clamp was removed. Kogler et al.
for the mapping and axial resolution of spinal cord blood flow and oxygenation, from superior to inferior spinal cord levels, across a distance of 20 to 50 cm. Such a probe could be positioned or centered on a considerably broad "region" considered at risk.
In addition to the high degree of sensitivity of the DCS/DOS device that we have reported, the immediacy of the response to aortic clamping deserves special note. Published reports suggest that current evoked potential monitoring technology produces a lag from the insult to alert, and this lag time can approach 20 min. 12 Our data in sheep confirm this. This difference in response to time between DCS and evoked potentials in alerting the surgeon or anesthesiologist to the decrement in blood flow may have important implications for a surgeon attempting to address the ischemia. The clinical impact of such a delay is compounded by the fact that evoked potentials are also associated with a profound delay in recovery of signal. On the contrary, DCS immediately identifies the restoration of flow. Therefore, DCS may have important advantages over evoked potentials in alerting the surgeon to the onset of ischemia as well as signaling when an attempt at restoration has been successful.
Because the optical device measures relative changes in blood flow, it is not likely to be affected by patient temperature, anesthetic agents, or decrement in blood flow to a lower limb, which commonly frustrate evoked potential monitoring. When used in conjunction with evoked potential monitoring, this device could allow for the ability to discriminate between cord and nerve root injury during spine surgery. Used in tandem, they could also better discriminate the contribution of anesthetics and peripheral ischemic issues, such as an ischemic leg during femoral cannulation for cardiopulmonary bypass, that frequently impair evoked potential signals unilaterally.
Probes when placed by open approaches might be used by a neurosurgeon or orthopedic spine surgeon or when placed via percutaneous approaches might be used when spine surgery was not planned, such as for aortic surgery, or in the neurocritical care environment to manage spine injury before surgery. The demonstrated ability to place the highly flexible DCS/DOS probe using a percutaneous approach that replicates the approach to the placement of epidural catheters may lower the barrier to acceptance of the device by anesthesiologists and critical care specialists.
Although the DCS/DOS device described herein may offer more immediate and reliable detection of spinal cord ischemia than conventional methods such as evoked potentials, it is reasonable to question whether interventions designed to alleviate detected ischemia may actually have the capacity to reverse the ischemic insult, and whether improved monitoring might actually impact outcome. It would be ideal to know before committing to aortic grafting just what impact the graft might have upon spinal cord blood flow. The device described herein could be placed before surgery or at least before commitment to grafting. A trial aortic occlusion or stent deployment might be performed, during which spinal cord blood flow is monitored. An "unsafe" drop in spinal cord blood flow might allow the surgeon to reevaluate the neurologic risk associated with the proposed procedure. Finally, because the probe can remain in place after surgery, it offers the opportunity for postoperative monitoring and management of patients in the intensive care unit, providing feedback for the impact of cerebrospinal fluid drainage or hemodynamic support upon spinal cord blood flow and oxygenation.
